INTRODUCTION
The blue-purple pigment occurring in the blood and tissues of the nudibranch Chromodoris zebra Heilprin has been extensively studied by Crozier (i) who reported, among its chemical properties, certain reactions with oxidizing and reducing agents which indicated its ability to react reversibly and suggested its possible significance as a respiratory pigment. To establish more definitely the nature of the oxidation and reduction reactions and the mode of oxygen transfer, the pigment has been further investigated by means of the electrometric methods customarily employed in studying reversible oxidation-reduction systems.
A typical reversible oxidation-reduction system, similar to the ferric-ferrous or the ferricyanide-ferrocyanide systems, is formed by the blue-purple pigment and its yellow reduction product and the potentials obtained experimentally agree with those calculated from the standard oxidation-reduction electrode equation.
At the hydrogen ion concentration of the blood of the organism, the oxidation-reduction potential of the pigment is such that its participation in the chemical reactions of respiration seems possible.
Physical and Chemical Properties of the Blue-Purple Pigment
A brief summary of the properties of the pigment as given by Crozier (2) , and as found experimentally, will aid in arriving at conclusions regarding the chemical nature of the substance and assist in understanding the experimental procedure.
A reversible acid-base transformation of the oxidized form occurs with a pK, as measured colorimetrically, of 4.3. The color in acid solution is an orange-red having a maximum absorption in the blue part of the spectrum beginning at 520 m~ and continuing into the violet. The color in moderately alkaline buffer solutions is blue-purple having a relatively sharp maximum at 595 m# in the absorption spectrum as determined with a Keuffel and Esser color analyzer.
The blue-purple solution is dichromatic showing more blue by reflected light and more red by transmitted light.
Reversible oxidation-reduction changes occur for both the redorange acid form and the blue-purple form, each being reduced to a yellow reductant by such reducing agents as hydrogen sulfide, zinc, sodium hyposulfite Na2'$204 (sometimes called also hydrosulfite), and being reoxidized by air, ferricyanide, or iodine. Putrefactive processes reduce the blue-purple to the yellow form (colorless in dilute solutions), from which the blue-purple form can be regenerated by atmospheric oxygen.
The blue-purple form is apparently stable to prolonged heating in neutral or slightly acid aqueous or alcoholic solutions, but is destroyed by heating in alkaline buffers or to dryness at 100°C., particularly when certain salts are present.
Methyl and ethyl alcohols containing water and aqueous buffer solutions readily form solutions of the blue-purple pigment in the concentrations usually obtained (about 0.001 N) but the pigment is insoluble in absolute methyl, ethyl, or isopropyl alcohols, in ethyl ether, ethyl acetate, acetone, chloroform, carbon tetrachloride, carbon disulfide, benzol, toluol, or petroleum ether. The red-orange acid form is more soluble in the alcohols and in ethyl ether than is the blue-purple.
Reoxidation by air of the reduced form in alkaline, neutral, or acid buffers is not inhibited by hydrogen cyanide or hydrogen sulfide even after boiling in the presence of a large excess of the reagent. No significant alteration is detectable on addition of sodium nitrite.
The solid material has not been isolated in pure condition.
Procedure
Purification of Extracts.--The organisms were immersed in distilled water conraining chloroform or toluol and allowed to remain several weeks. Water soluble organic material, proteins, inorganic salts, and the blue-purple pigment were extracted. One or two washings of the hashed material served to extract most of the remaining pigment. The water solution was evaporated down on a steam bath until about one-third of its volume remained and an equal voktme of methyl alcohol was added. Proteins and inorganic salts precipitated, and, if the volume was not too small, little adsorption of the pigment by the precipitate took place. The filtered solution was subjected to similar treatment until a relatively high degree of concentration was attained, care being taken not to destroy or alter the material by overheating or by too close an approach to dryness. Ether extraction may be useful to remove certain organic substances. The inorganic salts remaining are not harmful to the pigment but their effect on the pH of buffer solutions must be taken into account and corrected for, as the calcium and magnesium salts remove phosphates as well as exerting the usual salt effects.
To establish that no alteration of the pigment occurred during the process of purification, the absorption spectra of the purified solutions were compared with those of untreated water extracts (as determined by Dr. R. Emerson with a KoenigT1V~artens spectrophotometer) and found to be identical. No significant difference in the absorption spectra could be detected in material prepared from fresh, autolyzed, or partly putrefied organisms.
Preparation of the Sample for Titration.--The purified solution was added to
about five times its volume of tenth molar phosphate buffer solution. A precipitation of phosphates, presumably Of calcium and magnesium, sometimes occurred. After filtration, disodium phosphate was added to compensate for the phosphate removed. The pH of the buffer of the titrating solution was adjusted, by adding hydrochloric acid or sodium hydroxide, until within at least 0.03 pI-I of that of the solution that was to be titrated.
Determination of the pH.--Because 6f the presence of the oxidant and of small quantities of impurities likely to affect the accuracy of a hydrogen electrode, the pH was measured by the quinhydrone electrode. The oxidation-reduction potential zone of the pigment is of such order that quinhydrone is not appreciably affected by the oxidized form. Reproducible potentials were obtained which were constant for several minutes. The constant value was accepted as representing the pH of the solution, no correction being made for salt errors or liquid junction potentials, the latter being considered eliminated by the use of the satt~rated potassium chloride bridge material.
Apparatus and Method.--The potentials were measured by the usual potentiometric methods, employing a saturated calomel electrode as reference electrode. Calibration of the calomel cell was obtained by reference to the quinhydrone electrode in 0.05 ~ potassium acid phthaiate. The value for this quinhydrone electrode was assumed to be Eh = +0.456 at 30°C.
Platinum electrodes were used for recording the oxidation-reduction potentials. T h e nitrogen used for deoxygenating the solutions and excluding oxygen from the burette was purified by passing through a heated tube containing copper. T h e usual methods for determining the characteristic constant El,
of a particular reversible oxidation-reduction system at constant pH, consist of measuring E~ while varying the concentration ratio of the reductant to oxidant by titrating the reductant with an oxidizing agent, b y titrating the oxidant with a reducing agent, or by making up mixtures of the oxidant and reductant.
Because of a scarcity of the organisms and the small quantity of material available, the method most suited to this particular case, namely, the titration of the oxidant with the reducing substance, Na2SzO4, was generally used. Titra-tions of the reductant with potassium ferricyanide gave results similar to the titrations of the oxidant with Na~S204, but because of lack of agreement of the electrodes in these solutions the results were excluded. 
EXPERI MENTAL RESULTS
For the characterization of an oxidation-reduction system it is desirable to obtain information regarding the reversibility of the system, and, if the system be reversible, to evaluate the constants of the standard electrode equation. From the general shape of the
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titration curves obtained, it was obvious that a reversible system is present in the solutions of the Chromodoris zebra pigment.
In all of the titrations made under the various conditions, the characteristic reversible system curve occurs coincidentally with the color change from blue-purple to yellow. It is relatively certain, then, that the color changes are associated with the reversible oxidationreduction phenomena.
A characteristic titration curve is given in Fig. 1 ; the corresponding data is given in Table I . An inspection of the data reveals that several cubic centimeters of titrating solution were used up before the reversible system was encountered. This amount varies for different amounts of the reversible system present, and it is therefore considered due to an impurity rather than having a particular relation to the pigment system. For the zone of the reversible system, the electrode potential measured, Eh, would vary according to the equation
Ero is the constant characteristic of the system which shows its relation to other reversible systems and n is the valence change taking place in the transformation between oxidant and reductant. A determination of the limits of the titration is the first step in the mathematical analysis of the data, since neither the beginning nor the end of the titration curve accurately agrees with the theoretical; and since the endpoint is not sharp, it was necessary to approximate the limits in the following manner. The inflexion point, E~o, of the curve was determined graphically. At a potential of 100 millivolts more positive to E~o, if the valence change n were 1, there would be present about 2 per cent of the reductant; and if the valence change were 2, about 1 per cent of reductant. The selection of either of these values as the per cent of conversion into the reductant at that potential would lead to no serious error. Having placed the asymptote C by this method, the position of the endpoint asymptote C' was fixed at the same distance from the inflexion point, Eo t, as C. A slight shift in the position of the asymptotes was made in some cases in order to obtain better fittings of the curve. With the inflexion point E,~o and the limits of the The theoretical values for n = 1 are in fair agreement with the experimental, except at the end of the titration. The discrepancy may be ascribed possibly to greater dilution, with its consequently more uncertain potentials, or possibly to the difficulties arising from the nature of the Na~S204 used as titrating agent. Although the difference between the theoretical and experimental values is greater than might be expected on the basis of the agreement of these values in the cases of other known reversible systems, it seems certain that the observed potentials are not consistent with a valence change of 2.
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FIG. 3. Relation of
Chromodoris zebra pigment system to other reversible oxidation-reduction systems.
The agreement of the observed and theoretical values seems sufficient for establishing the reversibility of the system (Figs. 1 and 2) . Additional evidence to substantiate this conclusion is presented in Fig. 2 . This demonstrates that the reduced material may be reoxidized and again reduced without serious alteration of the curve or of the value of Ere. Since there seems to have been a smaller amount of titratable material present ill the second titration some loss must have occurred during the titrations or during the reoxidation. Many reversible system reductants on oxidation by oxygen cause peroxidations which irreversibly oxidize some of the material to products other than the oxidant; similar processes may be operating in this case.
E'o varies as the pH but not at one of the standard rates; however, since such a short pH range was studied and nothing is known regarding the ionizations of the substances in this region, the exact relation of E'o to pH must remain an open question. The results show definitely (Fig. 3 ) that in the vicinity of pH 7 the system lies in a position between the indigo disulfonate --leuco indigo disulfonate and the indigo tetrasulfonate --leuco indigo tetrasulfonate systems.
DISCUSSION
The blue-purple pigment of Chromodoris zebra and its yellow reduction product form a reversible system whose relative position in the oxidation-reduction scale indicates its suitability as an intermediary substance for oxygen transfer. The reduced form is readily oxidized by atmospheric oxygen and the oxidized form is reduced by the tissues of the organism.
In the organism the pigment is found in solution in the blood and in certain of the tissue cells (1) in structures resembling vacuoles. The circulatory system is sluggish in action and the oxygen is absorbed through the gills and epithelial cells. A substance having the properties of the blue-purple pigment could be of great advantage for accelerating oxygen uptake and transfer. In this system oxygen would not be carried in loose combination and liberated as oxygen gas, as in the case of hemoglobin-oxyhemoglobin, but the oxidizing action would be performed through valence changes within the molecule.
Even an approximate estimation of the oxidation-reduction potential of the cells or blood could not be made, since the quantity of reduced form could not be determined in the living organism under normal conditions. Always, under the conditions of observation, the exposed tissues of the organism are deep blue-purple and the reduced pigment reacts with oxygen so rapidly that its existence there would not be detected.
The chemical constitution of the pigment is not known but its properties are of interest. In many respects, the substance resembles an organic dye or coloring matter; in its color changes with pH and oxidation and reduction changes, in its absorption spectra, and in its non-reactivity towards cyanide and nitrite. It is unusual, however, to find an organic system in which n = 1; with the exception of systems containing free radicals or complicated by the production of complexes of the quinhydrone (3) or meriquinoid types, n is always 2. Because of the small quantity of pigment available, the low concentration of the solutions used in the experiments, and the possible existence of traces of metals as impurities, qualitative tests for metals seemed without value and no attempt was made to test for the common metals having the proper valence change of 1.
A scarcity of material has necessitated the postponement of work on many of the interesting phases of this problem. As Crozier (1) has pointed out in his acid penetration studies with Chromodoris zebra tissues, the organism carries its own internal pH indicator, and, as the electrode potential studies have indicated, its internal oxidationreduction indicator at the same time. The organism seems, therefore, particularly well adapted for use in the study of oxidation-reduction phenomena in the living organism without introducing foreign substances of possible toxicity. The isolation of the pigment and its chemical constitution will be studied, and the possible use of the substance or its related compounds as oxidation-reduction indicators awaits development.
The author wishes to thank Professor W. J. Crozier for the suggestion of the problem and his assistance in securing the biological material and wishes to express appreciation for his constant interest in the work. The author is also indebted to Professor J. B. Conant for his valuable advice and criticism. SUM.M.ARY I. Oxidation-reduction potential methods have been applied to a study of the blue-purple pigment present in solution in the blood and in the tissue cells of the nudibranch Chromodoris zebra.
2. The blue-purple pigment and its yellow reduction product form a reversible system whose Ero = --0.102 volts at pH 7.0 and whose valence change from oxidant to reductant appears to be one.
3. The system is unlike oxyhemoglobin-hemoglobin in the mode of oxygen transfer. Its r61e as a possible respiratory material is discussed.
